Purpose of review This review will critically highlight the role of leukotrienes as mediators of renal diseases and drug nephrotoxicity. It will also discuss the recently identified mechanism of cysteinyl leukotrienes induction and action, and will propose clinical implementation of these findings.
INTRODUCTION
Leukotrienes are members of the eicosanoid family of bioactive oxygenated fatty acids, containing 20 carbon atoms, and generated by a range of highly regulated biosynthetic pathways. An initial event, common to most of these pathways, is the activation of cytosolic phospholipase A2a (cPLA2a, officially termed PLA2G4A), resulting in its translocation to cellular membranes, where it hydrolyzes phospholipids to generate arachidonic acid. Free arachidonic acid may then be oxidized by the cyclooxygenases COX-1 and COX-2, followed by additional enzymatic transformations, to generate the families of prostaglandins and thromboxanes. Alternatively, arachidonic acid may be oxidized by 5-lipoxygenase (5LO, officially termed ALOX5), followed by additional enzymes, to form leukotrienes, lipoxins and resolvins. Eicosanoids act by binding to specific G-protein-coupled receptors (GPCRs), triggering a broad range of physiological and immunological activities. Several comprehensive reviews provide detailed description of these transformations, the structure and regulation of the enzymes involved, the eicosanoid receptors, and available drugs and other agents that inhibit biosynthesis of specific eicosanoids, or act as receptor antagonists [1-6,7 & ]. Two types of leukotrienes, leukotriene B 4 (LTB 4 ) and leukotriene C 4 (LTC 4 ) are generated in mast cells and other immune cells by colocalization at the nuclear envelope of four components, thereby forming an active biosynthetic machinery: cPLA2a, 5LO, 5LO-activating protein (FLAP, officially termed ALOX5AP) and leukotriene C 4 synthase (LTC 4 4 are actively effluxed from cells by the transporters MRP4 and MRP1, respectively. Following efflux, the glutathione residue of LTC 4 may undergo partial and consecutive proteolysis by two outer cytoplasmic membrane-anchored proteases: g-glutamyl transpeptidase and dipeptidase, generating LTD 4 and LTE 4 . LTC 4 , D 4 and E 4 are collectively termed cysteinyl leukotrienes [2, 3] .
Circulating leukotrienes B 4 , C 4 , D 4 and E 4 bind to their GPCRs on target cells. LTB 4 binds to two receptors termed BLT1 and BLT2. BLT1 is expressed on lymphocytes and mast cells, whereas the less specific BLT2 is ubiquitously expressed. LTB 4 is a potent chemoattractant, triggering inflammatory responses. Two GPCRs, CysLT1 and CysLT2, bind the various cysteinyl leukotrienes with different affinities. CysLT1 binds LTD 4 with the highest affinity, followed by LTC 4 and LTE 4 in decreasing order. CysLT2 binds LTC 4 and LTD 4 with equally high affinity and LTE 4 with a lower affinity. Binding of these ligands to CysLT1 expressed by smooth muscle cells of the lungs triggers bronchoconstriction and vasoconstriction, the two symptoms of asthma. Binding to CysLT2, which is expressed in various organs, but not in lung cells, increases vascular permeability of small blood vessels.
The role of leukotrienes in various nephropathies was last reviewed in 1994. It covered studies showing that cysteinyl leukotrienes reduce renal blood flow and glomerular filtration rate (GFR) by triggering vasoconstriction. It also included studies showing the role of LTB 4 in recruiting infiltrating polymorphonuclear (PMN) cells, thereby exacerbating immune-mediated damage to kidney functions [8] . Since then, many studies appeared, elucidating the role of leukotrienes in renal diseases, and further revealing the biochemistry and physiology of leukotrienes in general. The present review will focus on these more recent findings.
ROLE OF LEUKOTRIENES IN MODELS OF RENAL DISEASES
The development of specific CysLT1 and CysLT2 receptor antagonists, as well as inhibitors of leukotriene biosynthesis, provided simple and powerful tools for studying the role of leukotrienes in renal diseases and drug-associated nephrotoxicity. Spurney et al. who studied the role of leukotrienes in renal allograft rejection, employing the FLAP inhibitor MK886, provided the first example. This agent attenuated the decline in GFR and renal plasma flow, and prolonged the survival of rats following allograft transplantation, [9] . FLAP activity is common to the biosynthesis of all leukotrienes, lipoxins and resolvins. Acting in a more specific manner, the cysteinyl leukotriene receptor antagonist SKF106203 was less effective than MK886, indicating that both cysteinyl leukotrienes and LTB 4 promoted allograft rejection [9] . In another study, glomerular nephritis was initiated in rats by administrating rabbit anti-rat glomerular basement membrane (GBM) antibodies. Urinary excretion of LTC 4 , LTD 4 and acetylated LTE 4 was greatly increased following antibody administration, concomitantly with increased renal LTC 4 synthase activity [10] . Burn-induced injury affects remote organs in a complex manner, involving oxidative stress and immune responses. In a rat model of burn injury, montelukast, a specific CysLT1 receptor antagonist, reduced kidney malondialdehyde (MDA), a marker of oxidative damage. It also reduced myeloperoxidase levels and kidney hemorrhages, and attenuated glomerular degeneration [11] . Similar results were seen in rats undergoing unilateral nephrectomy followed by ischemia-reperfusion triggered by transient ligation of the remaining renal pedicle. In addition, montelukast attenuated the treatmentassociated increase in plasma LTB 4 and pro-inflammatory cytokines [12] , suggesting a cross talk between cysteinyl leukotrienes and LTB 4 . In another study by the same group, chronic renal failure was established in rats by 5/6 resection of the left kidney, followed by right kidney nephrectomy. Here too, montelukast attenuated the rise in kidney MDA, myeloperoxidase, LTB 4 and cytokine levels, the drop in GSH and the damage to glomeruli structure [13] .
KEY POINTS
Disease and drug-associated nephrotoxicity is mediated at least in part by the local production and action of leukotrienes.
Following stress or exposure to nephrotoxic agents, nonimmune kidney cells produce LTC 4 autonomously by an MGST2-based biosynthetic machinery.
MGST2-generated LTC 4 acts intracellularly, triggering nuclear localization of NADPH oxidase 4, subsequent oxidative stress, followed by cell death.
LTC 4 inhibitors, currently approved as systemic asthma drugs, may serve as inhibitors of disease-or drugmediated nephrotoxicity.
In a mouse model of renal ischemia-reperfusion, MK886 attenuated oxidative stress, histopathological markers of tissue damage, cytokine release and damage to renal function [14] . Montelukast also reduced renal injury in a model of lipopolysaccharide-induced sepsis in rats, as determined by the levels of inflammatory and oxidative stress markers and by preservation of tissue morphology [15] . Furthermore, montelukast protected rats against acute kidney injury triggered by remote muscle rhabdomyolysis and by intestinal ischemia-reperfusion [16, 17] . In all of these studies, no attempt was made to identify the cysteinyl leukotrienes producer cells.
Several models of renal diseases are associated with elevated levels of LTB 4 . Following administration of rabbit anti-rat GBM antibodies to rats, the specific BLT1 receptor antagonist ONO-4057 effectively reduced proteinuria and hematuria, kidney necrotizing lesions, mononuclear cell infiltration and glomerular deformation, despite no effect on glomerular IgG deposition [18] . Experimental nephritis is established in rats by administration of a monoclonal antibody to rat Thy-1.1, expressed on mesangial cells. Treatment with ONO-4057 somewhat attenuated proteinuria, reduced glomeruli PMN infiltration and reduced mesangial cell proliferation [19] . Diet-induced hyperlipidemia leads to glomerular sclerosis, contributing to renal injury. ONO-4057 significantly attenuated both basal and cholesterol-induced proteinuria and glomerular macrophage infiltration in kidneys of spontaneously hypercholesterolemic rats fed with a cholesterol-rich diet. Unexpectedly, it also reduced urinary LTB 4 secretion, despite increased availability of the LT 4 H substrate LTA 4 , again suggesting a regulatory cross talk between LTB 4 and cysteinyl leukotrienes [20] .
LEUKOTRIENES AS MEDIATORS OF DRUG-ASSOCIATED NEPHROTOXICITY
Arachidonic acid is the common substrate of cyclooxygenases and lipoxygenases. It is, therefore, likely that cyclooxygenase inhibitors may increase the biosynthesis of lipoxygenase-derived products and vice versa. This issue is of great importance in view of the extensive and unregulated use of COX inhibitors as pain relievers. An early study proposed that 'COX to LOX' shunting may contribute to the development of a nephrotic syndrome in patients taking COX inhibitors [21] . The findings that SC75416, a COX-2 inhibitor, reduce renal blood flow and GFR in dogs given low-sodium diet supports this hypothesis. PF-150, a 5LO inhibitor, reversed these effects of SC75416, suggesting that blockade of COX-2 may have shunted arachidonic acid towards increased production of 5LO end products [22] . Yet, the effect was rather limited, in line with the fact that 5LO is a highly regulated enzyme and not just by substrate availability.
Very few studies linked nephrotoxic agents with the induction of LTB 4 biosynthesis. In one study, cisplatin induced the biosynthesis of LTB 4 and the expression of its BLT1 receptor in the kidney. The BLT1 receptor antagonist U-75302, BLT1 deficiency and the LTA 4 H inhibitor SC-57461A reduced kidney structural and functional damage, inflammation and apoptosis [23] . It should be noticed, however, that inhibition of LTA 4 H might direct its substrate LTA 4 towards increased biosynthesis of cysteinyl leukotrienes. In another study, dioxin was shown to induce the expression of 5LO in infiltrating neutrophils in several tissues, including the kidney, resulting in elevated production of LTB 4 [24] .
Several other studies implicated the production of cysteinyl leukotrienes in drug-associated nephrotoxicity. The immunosuppressant cyclosporine A (CsA) exhibits significant nephrotoxicity. The role of leukotrienes in CsA-associated nephrotoxicity was studied in rats following nonrejecting isograft renal transplantation. CsA administration resulted in vacuolization of proximal tubule cells, significantly reducing the GFR and renal plasma flow of the implanted kidney. In parallel, CsA triggered a 10-fold increase in cysteinyl leukotriene biosynthesis. Administration of SKF106203, a CysLT receptor antagonist completely reversed all of the CsA-mediated damage to renal structure and functions. These findings indicated that CsA is a potent inducer of cysteinyl leukotrienes, which serve as major mediators of CsA-triggered nephrotoxicity. Acting as an immunosuppressant, CsA reduced the biosynthesis of the chemoattractant LTB 4 in the kidney. Nevertheless, the authors suggested that infiltrating macrophages were the source of LTC 4 [25] . Similar attenuation of CsA toxicity was later reported using the specific CysLT1 receptor antagonist montelukast [26] . In another study, treatment of rats with the bisphosphonate alderonate increased the expression of kidney myeloperoxidase, causing oxidative stress. Kidney histology revealed severe hemorrhagia and damage to glomeruli. Coadministration of montelukast ameliorated all the adverse effects of alderonate. The authors suggested that neutrophil infiltration was the source of the damaging cysteinyl leukotrienes [27] . Similar results were observed in kidneys of rats treated with cisplatin [28, 29] , amikacin [30] , gentamycin [31] and methotrexate [32] . In all of these cases subsequent administration of montelukast attenuated the drug- 
RECENT ADVANCES IN UNDERSTANDING THE MECHANISM OF LEUKOTRIENE INDUCTION AND ACTION
The function of LTB 4 as a chemoattractant of inflammatory cells is relatively well understood. In contrast, until recently, studies describing the involvement of cysteinyl leukotrienes in kidney diseases failed to identify the producer cells or to reveal the mechanism of leukotriene action. Most studies assumed that infiltrating immune cells, expressing LTC 4 S, are the source of these leukotrienes. Yet, several studies demonstrated that nonimmune cells might also produce leukotrienes. Thus, MGST2 expressed in endothelial cells effectively converted exogenously added LTA 4 to LTC 4 [35] [36] [37] . Furthermore, production of LTC 4 in the testis was not impaired in LTC 4 S-deficient mice [38] . These studies indicated that MGST2 or MGST3 might serve as LTC 4 -generating enzymes in nonimmune cells. In the kidney, trauma and hemorrhagic shock led to colocalization of 5LO and FLAP in the interstitium and the tubule lumen [39] . As kidney cells were shown to express LTC 4 S [35, 40] , a biosynthetic machinery of cysteinyl leukotrienes based on 5LO, FLAP and LTC 4 S could theoretically be assembled in these cells. A recent study, however, revealed that ER stress and a broad range of cytotoxic agents trigger MGST2-based rather than LTC 4 S-based biosynthesis of LTC 4 in many types of nonimmune cells and in mouse kidneys. In analogy with the LTC 4 S based machinery, biosynthesis was initiated by stress-triggered translocation and colocalization at the nuclear envelope of cPLA2, 5LO, FLAP and MGST2, thereby generating LTC 4 [34 && ]. The same study also revealed the downstream action of MGST2-generated LTC 4 . Under stress, the two LTC 4 receptors, CysLT1 and CysLT2 translocated to the nuclear envelope. Acting in an intracrine manner, LTC 4 then triggered nuclear translocation of NADPH oxidase 4 (NOX4), resulting in oxidative DNA damage, dsDNA breaks and subsequent cell death (Fig. 1) . Thus, MGST2-generated LTC 4 orchestrates a death-promoting pathway parallel to mitochondria-mediated apoptosis. Indeed, tunicamycintriggered ER stress in wild type mice induced the expression of MGST2 in kidney cells, subsequent nuclear translocation of NOX4, extensive oxidative DNA damage and destruction of proximal tubular cells. Despite the presence of LTC 4 S in the kidney [35, 40] , Mgst2 deficiency prevented nuclear translocation of NOX4, thereby greatly attenuating oxidative DNA damage and apoptosis and preserving the proximal tubular cells (Fig. 2) . Similarly, the CysLT1 receptor antagonist pranlukast prevented MGST2 induction, nuclear translocation of NOX4 and subsequent oxidative DNA damage in kidneys of wild type mice challenged with 5-FU [34 && ]. This study revealed the physiological function of MGST2 as a mediator of stress-induced production of LTC 4 and the role of the latter as a major mediator of oxidative stress and DNA damage in nonimmune cells.
One study implicated MGST3 as the source of cysteinyl leukotriene biosynthesis in aristolochic acid I-triggered apoptosis of proximal tubular FIGURE 1. The mechanism of stress-triggered oxidative DNA damage. ER stress and cytotoxic agents trigger translocation and assembly at the nuclear envelope of MGST2-based biosynthetic machinery of LTC 4 (black arrows). The two LTC 4 receptors CysLT1 and CysLT2 translocate from the cytoplasmic membrane (and the ER) to the nuclear envelope as well (blue arrows). Binding of LTC 4 to its receptors triggers translocation of NOX4 from the ER and mitochondria to the nucleus, resulting in nuclear accumulation of reactive oxygen species and subsequent oxidative DNA damage (red arrows).
epithelial cells in culture [41] . That study, however, lacked a confirmatory evidence for MGST3 involvement, for example, by Mgst3 knockdown or by invivo studies.
CONCLUSION
In view of the relatively large number of promising preclinical studies and availability of leukotriene inhibitors as approved drugs, it is frustrating to find out that only one clinical study, evaluating the role of leukotrienes in a renal diseases, was reported, and reaching an inconclusive outcome. In that study, treatment of children having primary nephrotic syndrome with montelukast on top of steroids did not provide a clear benefit [42 & ]. Properly designed clinical trials using leukotriene inhibitors are required for evaluating their potential use in attenuating nephrotoxicity of drugs such as cyclosporine, gentamycin, alderonate, methotrexate and amikacin. The MGST2-LTC 4 pathway was shown to mediate part of the cytotoxic action of doxorubicin, 5-FU, vincristine and bortezomib, but not in tumor cells of hematopoietic lineage [34 && ]. Therefore, leukotriene inhibitors should be evaluated for their potential to reduce the side effects of chemotherapy, including nephrotoxicity, in patients treated for hematopoietic malignancies. Leukotriene inhibitors may also alleviate the damaging effect of transient hypoxiareperfusion during kidney transplantation and following burn-induced injury. Measurement of urinary leukotriene metabolites such as N-acetyl LTE 4 [43] may help identify patients with these and other diseases that will benefit from leukotriene inhibitors. Similarly, clinical development of LTB 4 inhibitors may provide tools for managing inflammatory nephropathies and possibly allograft rejection.
